Colorado tick fever (CTF) virus is the prototype species for the genus Coltivirus in the Reoviridae family, with a viral genome consisting of 12 segments of double-stranded (ds) RNA (7) . It is transmitted to mammals, including humans, principally by the adult Rocky Mountain wood tick (Dermacentor andersoni), and exposure to the virus is therefore restricted to the vector habitat (20) . Clinical cases peak between May and July (5) . Historically, CTF has been the most frequently reported arboviral disease in the United States (15) . Nevertheless, it is considered to be an underdiagnosed condition. Viral maintenance is achieved via larval and nymphal stages of D. andersoni and various rodent species (20) .
CTF is a self-limiting illness. The acute phase typically lasts 5 to 10 days, followed by a convalescence, which may be protracted, especially in adults. Although the mean incubation time from tick exposure to the onset of symptoms is about 4 days, the range is from Ͻ1 to 14 days (13) . Disease diagnosis based on clinical signs and symptoms is rare, given their nonspecific nature. Onset is sudden, with fever and chills, myalgia, photophobia, joint and retro-orbital pain, stiff neck, headache, malaise, and lethargy. Patients may also present with other, less consistent ailments, including a biphasic fever (Ͻ50% frequency), abdominal pain (20% frequency), and transient rash (10% frequency) (8) . Hospitalization occurs mostly among children, in whom severe complications have occasionally arisen (7) .
The disease is considered to be underdiagnosed for a variety of reasons. When the history of a tick bite is absent, a physician may overlook the possibility of CTF viral infection. Moreover, the presenting symptoms are easily confused with other diseases, such as Rocky Mountain spotted fever (RMSF) and relapsing fever. Finally, to date there has been no timely diagnostic test available to identify CTF during the acute phase. A number of techniques are available for the diagnosis of CTF in humans; however, there are disadvantages associated with each. The late appearance of antibodies in the serum precludes any positive results from indirect fluorescent antibody, neutralization, and complement fixation tests (7) or from enzymelinked immunosorbent assays (ELISA) (9) for about 10 to 14 days after the onset of symptoms. Immunofluorescent staining of erythrocytes, while suitable for early detection of CTF viral infection (12) , is inherently subjective, and virus isolation (VI) from patient erythrocytes is time-consuming (9). State and local health laboratories in the Rocky Mountain region which perform diagnostic testing for CTF virus assign a positive result to patient sera having at least a fourfold rise in either indirect fluorescent antibody or complement fixation titer from acuteto convalescent-phase samples. Currently, diagnostic tests for other conditions with which CTF may initially be confused are unavailable for the early stages of those diseases. Hence, the development of a sensitive and objective diagnostic test for acute CTF viral infection would be a useful tool for the medical community. Reverse transcriptase (RT) PCR provides a powerful method of detection for RNA viruses and is gaining much popularity as a diagnostic technique. Its main advantages are its short completion time and sensitivity compared to those of other assays (10, 17, 18) . Reoviruses bluetongue virus and African horse sickness virus have recently been successfully detected by RT-PCR (1, 11, 21) . Presented here are data on diluted to 100 l with an additional 16 nmol of dNTPs and 2.5 U of AmpliTaq DNA polymerase (The Perkin-Elmer Corp., Norwalk, Conn.) in 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), and 0.001% (wt/vol) gelatin (1ϫ PCR buffer; Perkin-Elmer). PCR amplification using a GeneAmp PCR System 9600 (Perkin-Elmer) was achieved with an initial denaturation (94ЊC, 5 min) followed by 35 successive cycles, each consisting of denaturation (94ЊC, 30 s), annealing (55ЊC, 1 min), and extension (68ЊC, 3 min). A final extension (68ЊC, 12 min) concluded the thermal profile, and samples were held at 4ЊC. To confirm the specificities of the RT-PCR products, DNA was purified with a QIAquick gel extraction kit (Qiagen, Inc.) and nested PCR was performed. DNA was diluted 1:100, and 5 l was added to 95 l of a reaction cocktail. Final concentrations were 5 M each forward and nested reverse primers, 0.16 mM dNTPs, and 25 U of AmpliTaq DNA polymerase per ml in 1ϫ PCR buffer. Thermal cycling for the nested reactions was the same as for the first-round PCR, except that the number of cycles was reduced to 20.
Agarose gel electrophoresis. Ten microliters of each product was analyzed on a 1.5% agarose (Kodak, New Haven, Conn.) gel containing ethidium bromide and compared to molecular mass markers (low DNA mass ladder; Gibco BRL).
Sensitivity. CTF virus strains Florio, R6225, 64V37, and 76-1-1007; antigenic relatives Eyach and S6-14-03; and bluetongue virus 17 were plaque titrated on six-well Vero cell plates as previously described (15) with 10-fold dilutions of clarified culture supernatant. To determine the relative sensitivity of the RT-PCR method, RNAs were extracted from similar 10-fold virus dilutions and RT-PCR was performed in the manner described above.
Detection of CTF virus in experimentally infected mice. Five outbred CDC colony mice (ICR CD-1), 4 weeks of age, were inoculated intraperitoneally with approximately 5,000 PFU of CTF (Florio) virus in 0.25 ml of phosphate-buffered saline. Mice were bled at the time of inoculation and marked for identification. Each animal was subsequently bled by retro-orbital puncture every second or third day postinoculation (p.i.) ( Table 2 ). Sample tubes contained 40 l of 0.25 M EDTA (pH 8.5) (about 1/10 the volume of blood), with which the blood was immediately mixed upon collection to prevent clotting. The samples were washed twice with an equal volume of phosphate-buffered saline, and RNA was extracted from 140 l of a 1:2 dilution of whole blood, as described above, and then amplified with the CTF virus primers and analyzed on agarose gels. Normal whole mouse blood from an uninfected animal was processed in the same manner and used as a negative control. For comparative VI, samples were diluted 1:5 in BA-1 medium (1% bovine albumin in M199 with Earle's balanced salts) and homogenized with 20 strokes of a Tenbroeck apparatus. Vero cell six-well plates were inoculated with 100 l of the homogenate and successive 10-fold dilutions as described above.
Sequence analysis of amplified DNA. On day 1 p.i., 70 l of amplified DNAs from CTF (Florio) virus (approximately 528 bp) and from mouse 4 (approximately 420 bp) were excised from a 1.5% SeaKem (FMC Bioproducts, Rockland, Maine) agarose preparative gel. Fragments were purified with a Geneclean II kit (Bio 101, La Jolla, Calif.) and eluted into 50 l of water. The 420-bp fragment was dried completely and resuspended in 12 l of water to concentrate it. Twelve microliters of each preparation was ligated into pGEM-T vector system 1 (Promega, Madison, Wis.), according to the manufacturer's instructions. Ligations were transformed in Epicurian Coli XL-1 Blue Supercompetent cells (Stratagene, La Jolla, Calif.) by following the recommended procedures, and 18 white colonies were picked from each transformation. Purified plasmid DNA was extracted with a QIAGEN spin plasmid miniprep kit and checked for the correctly sized inserts by restriction endonuclease digestion, followed by agarose gel electrophoresis. Sequencing reactions were prepared with an ABI Prism dye terminator cycle sequencing core kit (Perkin-Elmer), and sequences were electrophoretically resolved with an ABI Prism 377 sequencer. The DNA sequences were analyzed and compared to the published sequence of CTF virus (S2 segment) with Lasergene (DNAstar), and a GenBank search was performed to locate any sequences homologous with the 420-bp product. Evidence of CTF viral infection in human sera by using RT-PCR as a diagnostic method. Sera obtained from a collection of clinical specimens at the CDC were tested by RT-PCR for the presence of CTF virus. With a few exceptions, sera were 1 to 2 years old and had been frozen at Ϫ70ЊC after initial testing. Eighteen sera were chosen and encompassed a range of collection dates after the onset of symptoms (Table 3 ). The method of RNA extraction with the Qiagen spin columns was modified slightly from the recommended procedure by treating 500 l of serum in 2 ml of lysis buffer and adding 2 ml of ice-cold ethanol to the lysate. This mixture was loaded in successive aliquots onto a single spin column before the wash and elution steps were completed, in accordance with the manufacturer's instructions. For comparison, all samples were evaluated by a 90% plaque reduction neutralization test (PRNT), as previously described (9), and by VI on Vero cell six-well plates with 100 l of undiluted serum in the first well, followed by 10-fold successive dilutions in BA-1 medium.
RESULTS
Specificity of the RT-PCR. ds RNA was isolated from viral cultures of a variety of human, tick, and rodent CTF virus isolates, along with other coltiviruses (JKT isolates), an orbivirus (bluetongue serotype 17), and an irrelevant alphavirus, VEE (TC-83). These were subjected to the RT-PCR method described above. A DNA sample derived from a rickettsial culture was included to ensure that no amplicons were generated by the CTF virus primers with this clinically pertinent organism. All the CTF virus isolates gave products of the predicted size of 528 bp when they were analyzed on agarose gels and visualized with ethidium bromide. Viral RNA amplification of Eyach, S6-14-03, and T5-2092 yielded fragments of approximately 425 bp. JKT virus strain 7043 gave a weak band at about 375 bp, while strains 6423 and 6969 showed slightly smaller products, with a larger proportion of the amplicons presumably being nonspecific, at around 150 bp. Bluetongue virus 17 and R. rickettsii gave small bands at about 275 bp, which were also seen in some of the CTF virus strains as secondary products. These too were probably nonspecific, while VEE TC-83 showed no amplification. Nested PCR with the original forward primer but an alternate reverse primer confirmed the results of the first round of amplification. All CTF virus strains gave the expected band size of 356 bp, as did the antigenically distinct isolate 720896. The other CTF virusrelated viruses, the JKT viruses, and bluetongue virus serotype 17 all gave ambiguous results which were uninterpretable due to multiple DNA bands when visualized on a gel (Table 1) . Selected results of the first-round amplification are illustrated in Fig. 1 .
Sensitivity of CTF virus detection from tissue culture preparations by RT-PCR. The limits of detection of CTF virus for a number of the viruses listed in Table 1 by the RT-PCR method were determined by comparing viral plaque titers in Vero cells and visibility on a gel of the DNA fragments amplified from 10-fold dilutions of viral culture supernatants. Sensitivities were similar for CTF (Florio), Eyach, and S6-14-03 viruses. RNA extracted from 10 PFU/ml (approximately 0.1 viral plaque) of CTF (Florio) virus gave a low-intensity band when it was electrophoresed in an agarose gel containing ethidium bromide following RT-PCR (Fig. 2) . Strong bands were visible from RNA extracted from a 1,000-PFU/ml starting culture. The test was not as sensitive for strains 76-1-1007, 
a ‫,ء‬ mouse dead (death unrelated to viral infection). 
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R6225, and 64V37. Limits of detection for these isolates ranged from 3 ϫ 10 3 to 6 ϫ 10 5 PFU/ml in the starting materials. Morphological differences among the strains were noted: Florio, 76-1-1007, R6225, and 64V37 all had plaques approximately 2.5 to 4.0 mm in diameter, visible 4 days p.i.; S6-14-03 had a plaque size of 2 mm, visible 5 days p.i.; and Eyach had very small plaques (Ͻ0.5 mm), visible 5 days p.i.
CTF viral infection in experimentally infected mice. It is well documented that CTF virus persists in human erythrocytes for a longer period of time than it does in the serum (20) . In the absence of appropriate infected human erythrocytes, a mouse model was used to determine whether the RT-PCR method was capable of detecting CTF virus in whole blood. Mouse blood treated with EDTA to prevent clotting was tested by RT-PCR and VI in Vero cells for the presence of CTF virus. Fragments of the expected size (528 bp) were generated by RT-PCR, and results from the two techniques were similar. In both cases, virus was detectable starting on day 3 and ending on day 8 ( Table 2) . A few exceptions were noted, however. Blood from mouse 3 tested positive for CTF virus on day 3 by RT-PCR but negative by VI. The same was true for mouse 5 on day 5. Virus was isolated from mouse 3 on day 11 but could not be detected by the RT-PCR assay. Amplification of RNA extracted from the blood of CTF virus-infected mice on days 0 and 1 p.i. consistently generated DNA bands of approximately 420 bp, though those from day 0 p.i. were barely visible. Figure  3 illustrates the detection of CTF virus in whole mouse blood by RT-PCR, with mouse 4 blood as an example.
Sequence analysis of CTF (Florio) virus and a 420-bp band from amplified mouse blood RNA. A consensus sequence generated by analysis of DNA fragments processed from RT-PCR amplicons of CTF (Florio) virus was compared to the published CTF (Florio) virus S2 segment sequence (GenBank accession no. U53227), from which the primers were derived. The sequences were virtually identical, with the one exception of AC at nucleotides 636 and 637 of the published sequence being replaced with T in the consensus sequence. The same comparison was made with a consensus sequence of the 420-bp fragment derived from mouse blood on day 1 p.i., and this sequence was found to be devoid of any homology to the CTF virus S2 segment sequence. A search of GenBank was performed to determine if homology existed between our consensus sequence and any other in the database. The search revealed 89% homology with a 379-bp segment of DNA from a Rattus norvegicus mitogenic regulatory gene, which is transcriptionally suppressed by src and ras (GenBank accession no. 231460).
Human serum specimens. Eighteen human sera were tested for evidence of CTF virus by RT-PCR and PRNT, and the two techniques were compared. All specimens were from previously confirmed CTF cases. A 528-bp DNA band was visualized after performing RT-PCR on each serum specimen, beginning with the initial day of onset of symptoms up to and including 8 days after onset. All RT-PCR results were negative for sera 12 days after onset and thereafter, with the single exception of a sample at 21 days after onset, which tested positive. Conversely, PRNT titers did not appear until 12 days after onset and neutralizing antibody was detected in the remainder of the specimens. All samples tested negative by VI (Table 3) . Earlier experiments indicated that although CTF viral RNA could be detected with the standard 140 l of starting material (data not shown), greater intensity in banding could be achieved without background interference by increasing the quantity of serum tested in the RNA extraction and by proportionally increasing the volume of viral lysis buffer and ethanol. Normal human serum was used as a negative control, and results were free of extraneous bands. Figure 4 illustrates an example of CTF viral RNA detection in human sera with the CTF virus primers.
DISCUSSION
The genus Coltivirus was created in 1990, when a proposal recognizing the unique properties of ds RNA viruses with 12 genomic segments was accepted by the International Committee on the Taxonomy of Viruses at the International Congress for Virology in Berlin, Germany. CTF (Florio) virus is the type species for this genus, which also includes numerous CTF virus variants and Eyach virus and variants, plus several isolates from Indonesia and China (7).
Karabatsos et al. (15) reported significant antigenic variation among 20 virus isolates identified as CTF viruses, especially with respect to the human isolates. In addition, these researchers found that the antigenic relatives Eyach and S6-14-03 were clearly distinct from the CTF viruses and from each other and that T5-2092 was antigenically identical to S6-14-03. Hence, there exists a great deal of potential variability among serological results, particularly where human subjects are concerned. Any useful diagnostic method for detection of CTF virus must therefore accommodate the existing diversity. The genomic segments of CTF virus isolates are identical by agarose gel electrophoresis (5), and RNA-RNA blot hybridizations of CTF virus isolates indicate significant sequence homology (3) . Thus, the use of viral genomic ds RNA on which to base a diagnostic test for CTF virus is attractive. The RT-PCR technique described here was able to amplify RNAs derived from all the isolates of CTF virus included in the study and also to distinguish them from Eyach, S6-14-03, and T5-2092 viruses. It was not possible, however, to discriminate among these three antigenic relatives. One CTF virus-related isolate (720896) which is antigenically distinct from CTF virus by PRNT (unpublished data) was identical to the CTF virus isolates by the RT-PCR assay, indicating that for this virus, the amplified portion of the S2 segment was homologous to that of CTF virus and that neutralizing antibody was probably elicited by a viral protein other than VP12. The CTF virus strains were further differentiated from the Indonesian JKT viruses, which produced faint amplicons of significantly smaller sizes. The experimental design included orbivirus bluetongue serotype 17 and R. rickettsia DNAs as controls for specificity. As expected, no amplicons of pertinent size were generated.
The ability to detect CTF viral RNA isolated from less than 100 PFU/ml when amplified by RT-PCR is relatively common, though to achieve this sensitivity, a method of detection other than electrophoresis, such as ELISA (10) or dot hybridization (1) , is often necessary. The sensitivities of the test developed here for the prototype virus and some others equal or exceed the 100-PFU/ml limit only by using agarose gel electrophoresis, though the sensitivities for some of the strains tested fell short of this figure.
CTF virus has been isolated from a variety of mammals (15) . In addition, experimental infections have been successfully induced in a number of Colorado species (4) . Similarly, outbred laboratory mice are susceptible to the disease (19) and thus provide a convenient model with which to examine the effectiveness of the CTF virus RT-PCR technique as it applies to whole blood. A small number of mice were used for this model, as the object was to demonstrate the potential utility of the method with whole blood, as opposed to making any statistical observations. Mouse serum was not tested by RT-PCR, because the volume required to obtain a reasonable signal would necessitate that the mouse be sacrificed and therefore the course of infection in each individual could not be monitored. CTF virus was detected in blood by the RT-PCR assay and in some instances was more sensitive than VI. Similar results were reported for RT-PCR of blood drawn from rams that had been experimentally infected with bluetongue virus serotype 11 (2) . The RT-PCR may have been inhibited to some extent by the presence of hemoglobin, which has been reported to inhibit PCR. Although a protein-free product should have been obtained by the method used here, the initial treatment of whole blood with proteinase K, as opposed to guanidine thiocyanate, may have yielded greater sensitivity (16) . The results suggest that whole blood may be an appropriate specimen type to request when RT-PCR is the diagnostic method of choice. It would have the potential of offering greater sensitivity and probably a longer period of usefulness after the onset of symptoms than serum. The only drawback was the appearance of extra DNA bands in the products derived from nonviremic blood. Sequence analysis revealed that these were completely unrelated to CTF virus, and therefore this phenomenon may not occur with human blood. Because sufficient samples were lacking, no data that pertained to evidence of CTF virus infection obtained by using RT-PCR as a diagnostic tool for human whole blood were reported here. However, preliminary findings from a few historical samples were promising (data not shown) and future experiments may reveal the utility of this more concentrated source of viral RNA. The addition of an anticoagulant to the blood is important, as handling of the clotted erythrocyte fraction is difficult. The use of EDTA for this purpose is preferable to heparin, which is a known inhibitor of PCR (14) .
The serological methods developed for CTF diagnosis have previously been reviewed (7, 20) . The application of each existing technique is limited by the delayed appearance of detectable antibody in the serum. Our laboratory uses both PRNT and an unpublished modification of the immunoglobulin M ELISA of Calisher et al. (9) . Of the methods available, these are probably the least subjective, but neutralizing antibody does not appear until 10 days after onset and immunoglobulin M does not appear until day 17. Probably the most sensitive procedure remains VI from a blood clot obtained from a patient during the febrile stages of the infection. Washed cells are inoculated into 1-to 3-day-old suckling mice, which die in 4 to 8 days. Confirmation is done by PRNT or immunofluorescent staining of blood or brain tissue. Lack of timeliness remains a major drawback with these methods and is a problem, especially when more serious, but treatable, diseases are the possible causative agents of an infection. R. rickettsii is the etiologic agent of RMSF. Early symptoms are similar to those of CTF, and transmission of the disease is also by D. andersoni ticks. Consequently, clinical specimens are frequently coinvestigated for the presence of R. rickettsii and CTF virus. A PCR-based test for RMSF was recently published (22) , but it suffered from a lack of sensitivity and the need for reamplification was frequently indicated. The CTF virus RT-PCR assay was shown to produce negative results with R. rickettsii, and therefore false-positive banding will not be seen if this agent is present in a clinical sample. The results of this study show that CTF viral RNA can be detected reliably in sera up to and including 8 days after onset, without background or the necessity of nested amplification. The RT-PCR protocol proved more sensitive than VI in tissue culture for these specimens, which failed to produce viral plaques. This is the first report of a rapid diagnostic technique to detect CTF virus in sera during the acute stages of infection.
The CTF RT-PCR assay is capable of offering either positive confirmation of CTF viral infection or evidence to rule out the possibility in a timely manner. Serum remains the most easily obtainable of specimens, and therefore a method that can detect CTF viral RNA from this source is likely to be readily embraced by diagnostic facilities. This technique will provide early CTF diagnoses, thus bridging the gap between clinical onset of the disease and the time frame where traditional serological methods may reliably be applied.
